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C H A P T E R - I 
I N T R O D U C T I O N 
1 . 1 G e n e r a l : 
Raman spectroscopy is an important technique 
for chemical and biological analysis because of its 
excellent capability of chemical group identification. 
But a major limitation of the conventional Raman method 
is its low sensitivity. Recently, the Raman technique 
has enjoyed an increased interest among spectroscopists 
following the observations of giant Raman enhancement for 
molecules adsorbed on special metal surfaces. There are 
some molecules which when adsorbed on specially prepared 
metal surfaces or on metal colloids exhibit inordinate 
4 7 Raman signals whose intensity is » 10 — 1 0 times larger 
than the normal Raman signals. This phenomenon of 
enhancement of Raman signal is called the Surface 
Enhanced Raman Scattering (SERS). The enormous 
enhancement factors help overcome the normally weak Raman 
scattering process and open new horizons of this 
technique in trace analysis. 
SERS was first observed by Fleischmann et 
al.(l) in pyridine molecules adsorbed from aqueous 
solution onto a silver electrode roughened by means of 
successive oxidation-reduction cycles. The authors 
believed that the inordinate signal strength observed is 
on account of an increase in the electrode's surface area. 
Van Duyne et al.(2) and independently Creighton et al.(3) 
were the first to recognize that the large intensity 
could not be accounted for by the increase in surface 
area alone. They showed that the increase in SERS 
signals obtained by roughening the electrode surface area 
too slightly is equal to that obtained by extending the 
electrodes surface area ten times. 
Almost all early studies were performed with 
pyridine on roughened silver electrodes. Since then the 
effect has been reported for approximately a hundred 
molecules adsorbed on Ag, Au, Cu, Li, Na, K, In, Al, Pt 
and Rh. Silver is the most studied and the most 
efficient SERS metal, although the alkalis seem to 
produce SERS signals rivaling that of silver. 
1.2 Scope of SERS: 
The discovery of the SERS effect has stimulated 
an immense interest in fundamental research. Besides 
producing much affinity in Raman spectroscopy of surfaces, 
the discovery of SERS has stimulated and resurrected 
activity in classical electrostatic and electromagnetic 
theory, especially as applied to small particles; in the 
problem of radiating multipoles near metal surfaces, in 
optics of small particles and in the generation of 
surface plasmons. The discovery of SERS has also renewed 
interest in the properties of aqueous metal sols, a 
well-established field of science that had fallen on hard 
times. This renaissance coincided to some extent with a 
growing, interest in nonmetal colloids such as those of 
polymers. Finally, the discovery of SERS has thrust 
physicists into such erstwhile unfamiliar a territory as 
electrochemistry, charge transfer and the chemical 
aspects of adsorption. 
1.3 Characteristics of SERS: 
The SERS phenomenon has excitation 
characteristics that are similar to those observed with 
Normal Raman Scattering (NRS). The intensity of the 
scattered light is dependent on that of the incident 
light. The scattered light is depolarized even with 
molecules such as pyridine, which exhibits highly 
polarized NRS. 
The SERS effect appears to occur under specific 
experimental conditions based on (a) special requirements 
on the dielectric constant and (b) the morphology of the 
surface under study. Selection criteria of the type of 
substrates and media that are SERS active are based on 
several considerations. The type of metal on the 
surfaces is an important factor. The SERS phenomenon 
occurs mostly on specific metallic surfaces. Silver 
exhibits the strongest enhancement effects followed by 
copper and gold. 
The metal alone is not sufficient to induce the 
SERS phenomenon since Raman enhancement was not observed 
on monocrystalline silver surfaces (4). When 
appropriately roughened, a silver surface can induce a 
SERS enhancement factor of 10 , whereas a mirror like 
smooth silver surface produces only 400-fold Raman 
enhancement (5). The dependence of the SERS enhancement 
on surface roughness exhibits different excitation 
profiles for different surface preparations. For silver 
colloids and arrays of posts, maximum enhancements were 
reported at a frequency that depends on the shape of the 
metal particles in the colloidal solutions or on the 
posts (6, 7). An optimal range of roughness for maximum 
SERS can be estimated for many types of substrates. For 
example, diameter (size) in the range of 10—100 nm 
appear to be optimal for spheroidal silver particles. 
Further studies are required in order to determine the 
optimal sizes of roughness for each specific type of 
surface structure. 
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C H A P T E R - I I 
T H E O R I E S O F S E R S E F F E C T 
2 . 1 Genera l : 
The important discovery of SERS has stimulated 
a great deal of research activity over the past few 
years.- Extensive research efforts have been devoted to 
the determination and understanding of the sources of 
enhancement. To date, there is no single theoretical 
model capable of accounting for all the experimental 
observations related to SERS; and the origin of the 
enormous Raman enhancement is believed to come from the 
results of several mechanisms. There are at least two 
major types of mechanisms that contribute to the SERS 
effect: (a) an electromagnetic effect associated with 
large local fields caused by electromagnetic resonance 
occuring near metal surface structures and (b) a chemical 
effect involving a scattering process associated with 
chemical interactions between the molecule and the metal 
surface. Some aspects of SERS, such as the contribution 
of electromagnetic interactions, have been extensively 
investigated and are reasonably well understood. Other 
aspects, such as the contribution of chemical effects. 
10 
are less known and are current topics of extensive 
research. Both electromagnetic and chemical effects are 
liable for enhancement though their relative contribution 
depends on the individual adsorbate-adsorbent system. 
2.2 Electromagnetic Theory of SERS: 
Electromagnetic interactions between the 
molecule and the substrate are believed to play a major 
role in the SERS process. These electromagnetic 
interactions are divided into two major classes: (a) 
interactions that occur only in the presence of a 
radiation field and (b) interactions that occur even 
without a radiation field. 
A major contribution to electromagnetic 
enhancement is due to surface plasmons. Surface plasmons 
are associated with collective excitations of surface 
conduction electrons in metal particles (1). Raman 
enhancements result from excitation of these surface 
plasmons by the incident radiation. At the plasmon 
frequency, the metal becomes highly polarizable, 
resulting in large field-induced polarizations and thus 
large local fields on the surface. These local fields 
increase the Raman emission intensity, which is 
11 
proportional to the square of the applied field at the 
molecule. Another enhancement is due to coincidence of 
surface plasmons frequency with the Raman shifted 
frequency of the molecule. 
A commonly investigated electromagnetic model 
of SERS process involves a single metal spheroid onto 
which are adsorbed the molecules of interest. The size 
of the spheroids is small compared with the wavelength of 
light (2). Interactions between the adsorbed molecules 
are ignored, as are the interactions between the 
molecules and the metal. When the whole system is 
irradiated by a laser radiation field each molecule will 
experience an electric filed. The importance of multiple 
plasmon resonances, the interaction of light with 
clusters, and random distributions of metal hemispheroids 
were also investigated (3). Theoretical models of 
concentric spheres comprising a metallic and dielectric 
region have also been investigated by Kerker et al. (4). 
Electromagnetic enhancement mechanisms are 
characterized by the following features: 
(a) The effects are long range in nature since 
the dipole fields induced in polarizable metal particles 
12 
vary with the distance to the centre of the particle 
(b) unlike chemical interactions, electromagnetic effects 
are independent of the adsorbed molecule; and (c) the 
enhancements depend on the electronic structure of the 
substrate and the roughness of the surface since the 
frequency of the surface plasmon resonances depends on 
these factors. 
Theoretical calculation of Wokaun et al. (5) 
predicts that the enhancement caused by the particle 
plasmon model of SERS is limited by radiation damping. 
The damping process becomes more severe as particle size 
increases, whereas the enhancement produced by small 
particles is limited by surface scattering. The effects 
of radiation damping and dynamic depolarization have 
been analyzed further by Barber, Chang and Massoudi (6). 
Surface plasmons are not the only sources of 
enhanced local electromagnetic fields. Other types of 
electromagnetic enhancement mechanisms are due to: 
(a) concentration of electromagnetic field lines near 
high-curvature points on the surface, that is, the 
"lightning-rod" effect (7, 8); (b) polarization of the 
surface by dipole-induced fields in adsorbed molecules, 
that is, the image effect (8, 9, 10); and (c) Fresnel 
reflection effects. 
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Gersten and Nitzan have discussed the electro-
magnetic model in detail (8). They considered the 
problem of Raman scattering from a metallic ellipsoid 
with a molecule adsorbed at the tip, and calculated the 
enhancement in terms of Legendre polynomials of the first 
and second kind. Three sources of enhancement were 
discussed: (a) the image dipole effect (b) the increase 
in local field by the lightning-rod effect, and (c) the 
resonant particle plasmon effect. Zeman and Schatz (11) 
recently described an accurate but simple method for 
determining electromagnetic fields near the surfaces of 
small metal spheroidal particles. 
The mechanisms discussed above occur in the 
presence of a radiation field. There are also 
electromagnetic interactions that occur even in the 
absence of the radiation field. One such mechanism is 
associated with the modulation of the metallic 
reflectance due to adsorbate vibrations. This effect is 
due to the interaction of the oscillation dipole and/or 
quadrupole of the vibrating adsorbate with surface 
electrons, resulting in Raman-shifted reflection of light 
from the surface (8—11). 
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2.3 Chemical Effect in SERS: 
The enhancement due to chemical effects arises 
due to the interaction and bonding between the adsorbed 
molecules and the metal surface. Simply we can say 
chemical effect is associated with the overlap of metal 
and adsorbate electronic wavefunctions. Among the 
various chemical effects, charge transfer interaction is 
the prominent (12). The small shift in the position of 
the Raman peaks and the increasing enhancement with 
energy of the excitation radiation might also be 
attributed to charge transfer effects. 
In the charge-transfer model, an electron of 
the metal, excited by the incident photon, tunnels into a 
charge-transfer excited state of the adsorbed molecule. 
The resulting negative ion has a different equilibrium 
geometry than the original neutral adsorbate molecule. 
Therefore, the charge-transfer process induces a 
relaxation in the adsorbate molecule which, after the 
return of the electron to the metal, leads to a 
vibrationally excited neutral molecule and emission of a 
Raman-shifted photon. It was found that the Raman 
scattering polarizability was enhanced when the exciting 
radiation was resonant with the charge transfer 
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excitation of the adsorbate-adsorbent system (12). 
The 'adatom' model also suggests additional 
Raman enhancement for adsorbates at special active sites 
of atomic-scale roughness, which may facilitate 
charge-transfer enhancement mechanism (11). 
In general, the chemical effect contribution to 
SERS is necessarily short-ranged (0.1-^0.5 nm) . This 
mechanism depends on the adsorption site, the geometry of 
bonding, and the energy levels of the adsorbate molecule. 
For specific adsorbate-surface"systems, enhancements may 
be large. The contribution of charge-transfer processes 
3 to SERS has been estimated to be approximately 10—10 
(12, 13, 14). Chemical enhancement can provide useful 
information on chemisorption interactions between metal 
and adsorbate. 
16 
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C H A P T E R - I I I 
S E R S T E C H N I Q U E S 
3 . 1 G e n e r a l : 
One of the major difficulties in the development 
of the SERS technique for analytical applications is the 
production of surfaces or media that have an easily 
controlled protrusion size and reproducible structures. 
The techniques which have been reported are: 
(i) Metal electrodes 
(ii) Colloidal metal particles 
(iii)Metal island films 
(iv) Silver-coated microsphere substrates 
(v) Silver-coated fumed silica substrates 
(vi) Silver-coated Quartz posts 
(vii)Metal-coated cellulose substrates 
(viii)Silver membranes 
(ix) Chemically etched metal surfaces 
3-2 Metal Electrodes: 
Since the first observations of SERS by molecules 
18 
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adsorbed on silver electrodes {1, 2) many studies have 
been conducted on compounds adsorbed at the surface of 
metal electrode (3). Electrochemical cells for SERS 
studies generally employed silver electrodes, although 
SERS studies have also been conducted using other metal 
electrodes (4, 5, 6). The intensity of Raman scattering 
is strongly dependent on the state of roughness of the 
metal surface. The early experiments and much subsequent 
work on SERS has been carried out on silver electrodes 
randomly roughened by an electrochemical oxidation-
reduction cycle in aqueous electrolysis. The working 
electrode is generally placed in a position such that the 
laser excitation can be focused onto its surface, and the 
Raman scattered light can be efficiently collected by 
appropriate optics. Strong SERS signals appear only after 
electrochemical oxidation-reduction cycles performed on 
the metal electrode. During the first half of a cycle, 
silver at the electrode is oxidized by the reaction 
Ag > Ag + e . During the reduction half cycle, a 
roughened silver surface is produced by the reaction 
Ag + e > Ag. This oxidation-reduction procedure 
generally produces surface protrusions in the size range 
of 25—500 nm on the electrode surface. 
20 
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3.3 Colloidal Metal Particles: 
The metal electrode technique of SERS is less 
favourable for probing the physics of enhancement, since 
it is difficult to measure some of their other optical 
properties, particularly their absorption spectra, and to 
account for these properties scientists drew their 
attention to more regular finely divided metal surfaces, 
viz. colloidal dispersions or evaporated island film, or 
the surface of a diffraction grating. The study of SERS 
on colloidal metal particles bears a significant role in 
proving the first clear demonstration that the 
enhancement in SERS is associated with the resonant 
excitation of electron density oscillations in metal 
surface. 
Surface enhanced Raman scattering by colloidal 
metal particles was first reported by creighton et al. 
(7), who made investigation of SERS on pyridine adsorbed 
on aqueous silver and gold colloids. Silver colloids are 
generally prepared by rapidly mixing a solution of AgNO^ 
with ice-cold NaBH^. Hildabrandt and stockburger 
investigated SERS of rhodamine 6G using silver colloids 
(8). Zhang et al. investigated SERS of pyridine, 
1,4-dioxane, 1 ethyl-3'-methyl-2 thio cyanine iodide 
22 
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molecule adsorbed on j^ -FejO^  colloids (9). Figure -1 
shows the SER spectrum (reproduced from ref. 9) of 
1,4-dioxane molecule adsorbed on o6-Fe20^ colloids. 
3.4 Metal Island Films: 
Silver and indium island films had been used to 
record SERS of copper and zinc phthalocyanine complexes. 
(10, 11). Ritchie and Chen (12) also investigated SERS 
from Ag island film substrate for benzoic acid, 
isonicotinic acid. Thin Ag island films were prepared by 
evaporating the metal onto a glass or sapphire substrate 
in a vacuum of 2 x 10 torr, at a rate of 0.2 to 0.4 A 
per second. The mass thickness of the film was monitored 
by a quartz crystal oscillator mounted close to the 
sample substrate. The films were then removed from the 
vacuum, immersed momentarily in an aqueous solution of 
molecules to be studied, rinsed with distilled water and 
air-dried. Figures -2 and -3 show the SERS spectra of 
benzoic acid and isonicotinic acid adsorbed onto a 50 A 
Ag island film substrate (reproduced from the ref. 12). 
24 
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3.5 Silver-coated Microsphere Substrates: 
In general, a 50-fil volume of a suspension of 
latex or Teflon submicron spheres was applied to the 
surface of the substrate. The different types of 
substrates investigated include filter paper, cellulosic 
membranes, glass plates, or quartz materials (13-17). 
The substrate was then placed on a high-speed spinning 
device and spun at 800 — 2000 rpm for about 20s. The 
silver was deposited on the microsphere-coated substrate 
in a vacuum evaporator at a deposition rate of 2 nm/s. 
The thickness of the silver layer deposited was generally 
50—100 nm. Figure -4 shows the SERS spectrum 
(reproduced from the ref. 16) of bezo[a] pyrene adsorbed 
on a silver-coated microsphere substrate (16). The 
SERS-active substrate used in this study consisted of a 
microscope glass slide covered with polystyrene 
microspheres having a 364-nm diameter and covered by a 
75-nm thick layer of silver. 
3.6 Silver-Coated Filmed Silica Substrates: 
Fumed silica-based substrate is quite SERS active 
and easy to prepare. Fumed silica has been used as a 
thickening agent in various industrial processes, 
26 
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including coating and cosmetics preparations. In the 
preparation of SERS materials, the selection of the 
appropriate types of fumed silica is important. Fumed 
silica is manufactured in different grades, which vary 
with respect to surface area, particle diameter, and 
degree of compression. The fumed silica particles were 
suspended in a 10% water solution and were then coated 
onto a glass plate or filter paper. The substrate was 
then coated with a 50—100 nm layer of silver by thermal 
evaporation. With these types of substrates, the fumed 
silica materials, which have submicron-size structures, 
provide the rough-surface effect for the SERS process. 
Figure -5 shows an example of the SERS spectrum 
(reproduced from the ref. 18 ) of a sample of phthalic 
_3 
acid (10 M) using the fumed silica-based substrate 
(18). 
3.7 Silver-coated Quartz Posts: 
The preparation of SiO~ prolate posts is a 
multistep operation that involves plasma etching of SiO-
with a silver island film as an etch mask (3, 19-22). 
Since fused quartz etches much more slowly than thermally 
deposited quartz, a 500 nm layer of SiO^ was first 
thermally evaporated onto fused quartz at a rate of 
28 
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0.1-0.2 nm/s. The resulting crystalline quartz was 
annealed to the fused quartz for 45 minute at 
approximately 950 C. A 5-nm silver layer was then 
evaporated onto the thermal SiO^ layer, and the substrate 
was flash-heated for 20 s at 500 C. This heating causes 
the thin silver layer to bead up into small globules, 
which act as etch masks. The substrate was then etched 
for 30-60 minute in CHF^ plasma to produce submicron 
prolate SiO- posts, which were then coated with an 80 nm 
layer of silver at normal evaporation angle. 
Enlow et al. (21) have studied SERS of pyrene 
adsorbed on a silver-coated quartz post substrate. 
Figure -6 shows the SERS spectrum (reproduced from the 
ref. 21) of pyrene recorded by Enlow et al. The SERS 
spectrum of pyrene is similar to the NRS spectrum and 
exhibits a series of sharp peaks. 
3.8 Metal-coated Cellulose Substrates: 
Certain types of micropore filter papers coated 
with a thin layer of evaporated silver appear to provide 
efficient SERS-active substrates. Scanning electron 
micrographs of these cellulosic materials showed that 
these surfaces consist of fibrous 10-^m strands with 
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numerous tendrils that provide the necessary 
microprotrusions required for the SERS enhancement. The 
simple technique employing silver-coated cellulose 
substrate was used to analyze benzo[a] pyrene DNA adducts 
(23). The carcinogenic activity of benzo[a] pyrene (BP) 
in animals and its metabolic activation to the ultimate 
carcinogenic metabolite, BP-7, 8-diol-9, 10 epoxide 
(BPDE) have been well established (24). Figure -7 shows 
the SERS spectra (reproduced from the ref. 23) of 
hydrolyzed products of BPDE-DNA adducts (8 x 10~ M in 
0.1 N HCl), BP tetrol (10~^ M in methanol), and DNA (calf 
thymus DNA; 1.2 mg/ml in H2O) (23). 
3.9 Silver Membranes: 
One of the simpler types of solid substrates that 
have been investigated by T. Vo-Dinh et al. (18) is the 
silver membrane used for air particulate sampling. The 
filter already has micropores that provide the 
microstructure required to induce SERS. These substrates 
consist of silver membranes and can, therefore, be used 
directly as SERS-active substrates without requiring 
silver coating. Figure -8 shows the SERS spectrum 
(reproduced from the ref. 18) of 1-nitropyrene adsorbed 
directly on a silver membrane. The silver membrane 
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substrate was used directly as SERS substrate without 
requiring any chemical treatment or metal evaporation. 
The SERS spectrum of 1-nitropyrene obtained with the 
silver membrane is similar to that observed with the 
microsphere-coated substrates or the prolate quartz post 
substrates reported previously (21). Although these 
substrates are simple to use and are commercially 
obtained, they are quite fragile and usually not as 
efficient as the above-mentioned substrates. Also, very 
often the silver surface of the membrane has to be 
freshly recoated in order to improve the SERS effect. 
3.10 Chemically Etched Metal Surfaces: 
Miller et al. (25) described two simple etching 
procedures used to produce SERS active copper surfaces. 
In the first procedure, copper foil was etched for 40 
-3 . . 
minute m 2 mol cm nitric acid at room temperature. 
The second procedure consisted of sandblasting copper 
foil with Al^O^ at 4 bar pressure and subsequently 
etching for 2 minute. An electron scanning microscope 
picture of the metal surfaces indicated that both etching 
procedures could produce surface roughness on the 10--100 
nm scale. These structures produce large electromagnetic 
fields on the surface when the incident photon energy is 
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in resonance with localized surface plasmons. Figure -9 
shows an SERS spectrum (reproduced from the ref. 25) of 
Nile blue adsorbed on an etched copper surface. 
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C H A P T E R - IV 
EXPERIMENTAL PROCEDURE-I (CHEMICALS) 
4.1 General: 
The pyridine HPLC & spectroscopic grade was 
obtained from S.D. Fine Chemicals Ltd. (Bombay), AgNO^ 
(AR grade) from Merck (Germany) and NaBH. (LR grade) from 
S.D. Fine Chem. (Bombay),These chemicals were used without 
further purification. A breif description of these 
chemicals and discussions on 'adsorption' and 'colloidal 
solution'are furnished in the following articles. 
4.2 Pyridine: 
Pyridine is an aromatic compound with 
heterocyclic molecules. 'Heterocyclic molecule' means 
cyclic molecule with at least one atom other than carbon 
in the ring structure. Pyridine is the 'aza' analog of 
benzene. 'Aza' means a nitogen atom takes the place of a 
ring carbon. Pyridine is a planar molecule (1). Its 
molecular formula is Cj-HnN and structural formula is 
given in Figure - 10. Mol. wt. of Pyridine is 79.10. 
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Fig . 10. Pyridine Molecule 
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Pyridine was discovered by Anderson in 1846. It 
is a flammable, colourless liquid of disagreeable odour. 
It is a weak base and it forms salts with strong acids 
(2). It is highly hygroscopic. 
It occurs in coal tar, coffee oil and in tobacco 
smoke (3, 4). It is soluble in water, alcohol, ether, 
benzol, oils and in many other organic liquids (2, 4). 
4.3 Silver Nitrate: 
The molecular formula of silver nitrate is AgNO-.. 
It is usually prepared by dissolving metallic silver in 
nitric acid and crystallizing the compound from solution. 
3Ag + 4HN02 > SAgNO^ + NO + 2H2O 
(50%) 
Silver nitrate is a colourless rhombic crystal. It is 
readily soluble in water and does not undergo much 
hydrolysis in aqueous solution (5). Silver nitrate is 
stable in the dark. Both the aqueous solution and the 
solid oxidize organic matter, being reduced to silver 
which is deposited in a black, finely divided metallic 
form, especially in light. This property explains its 
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use in medicine, for the treatment of warts, etc., and 
for marking linen. Silver nitrate is used in 
considerable quantities for the preparation of the silver 
halides required for making photographic plates, films 
etc. (6). It is also used in causterisation of eyes. 
Indelible inks for use in laundries often contain silver 
nitrate. Its mol. wt. is 169.89. 
4.4 Sodium Borohydride: 
The molecular formula for sodium borohydride is 
NaBH.. It is in the powder form. It is readily soluble 
in water. When dissolves in water, it liberates hydrogen 
gas. It is highly hygroscopic. Its mol. wt. is 37.85. 
4.5 Adsorption: 
A 'surface' is the boundary or interface between the two 
media, or, simply we can say that a 'surface' is that 
which separates two phases or material zones. Now, the 
process in which a layer of atoms or molecules of one 
substance forms on the surface of a solid or liquid, is 
called 'adsorption'. All solid surfaces take up layers 
of gas from the surrounding atmosphere (7). 
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Let us take two substances 'A' and 'B'. If the 
concentration of 'A' on the surface of 'B' is more than 
that in the bulk phase of 'A', then 'A' is said to be 
adsorbed on 'B'. In this case the concentration of 'A' 
is quite high on the surface of 'B' but it may be very 
low in the bulk of 'B'. Here the substance 'B' is called 
an 'adsorbent' and the adsorbed substance 'A' is called 
'adsorbate'. 
Adsorption is a surface phenomenon. The atoms 
on the rough surface of an adsorbent have unbalanced 
forces or even free valencies, which can attach the 
adsorbate molecules. For instance, when a solid is 
broken into two, two new surfaces develop. The binding 
forces between the atoms that are separated by this 
process now become free. These forces act on molecules 
of gases present around the two particles. When the 
solid is subdivided into a large number of particles, 
there will be a large unbalanced force which can attach 
gas molecules from the surroundings. When the solid 
particles are shaken with a solution they will take up 
molecules of the solute from it. This is the process of 
adsorption. 
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Adsorption is of two types: physical adsorption 
and chemisorption. If the adsorbate is held on the 
surface of the adsorbent by van der Wall's forces, the 
adsorption is called physical adsorption. On the other 
hand, if the forces are nearly as strong as chemical 
binding forces, the adsorption is named as chemisorption 
(8). 
4.6 (a) Colloidal Solutions: 
If common salt is dissolved in water, a true 
solution is obtained. In true solution, the solute 
particles are present as molecules or ions giving a 
homogeneous mixture which consists of a single phase. In 
a colloidal solution, on the other hand, the unit 
particles of the dissolved substance are either very 
large molecules or essentially aggregate of a large 
number of molecules. These particles even though they 
may consist of thousands of molecules are too small to be 
seen under the microscope. Thus to the naked eye there 
could be no difference between a colloidal solution or an 
ordinary solution. However, if colloidal particles grow 
in size further, they become visible under the microscope 
and then we get what we call a suspension. So, we can 
say that 'colloid' is a state of matter intermediate 
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between solution and suspension. Because of the small 
particle size the colloidal solution frequently appears 
homogeneous to the naked eye although their heterogeneity 
may be demonstrated by looking under an ultra-microscope. 
Unlike suspensions colloidal particles do not settle down 
on standing and are not separable by ordinary filtration. 
The Figure -11 shows the size of the particles 
in solution, colloid and suspension. The particle in a co-
lloidal solution is called 'disperse phase' and the 
solvent medium is called the 'dispersion medium'. With 
solid particles of sub-microscopic size (< 0.1 ^m) the 
dispersion is called a sol (9). Depending upon the 
disperse phase and dispersion medium there may be eight 
types of colloidal solutions: 
Dispersive 
phase 
Gas 
Gas 
Liquid 
Liquid 
Liquid 
Solid 
Solid 
Solid 
Dispersion 
medium 
Liquid 
Solid 
Gas 
Liquid 
Solid 
Liquid 
Solid 
Gas 
Designation 
Foam 
Solid foam 
Aerosol 
Emulsion 
Gel 
Sol 
Solid sol 
Aerosol 
Examples 
Soap lather. 
Sponge. 
Fog, Sprays. 
Milk . 
Jellies . 
Silver sol . 
Ruby, gem ston^ 
Smoke, mist. 
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(b) Colour of a sol: 
The colour of a sol depends upon the followings 
(i) The size and shape of particles. 
(ii) The specific selective absorption power of the 
dispersed phase and the dispersion medium. 
(iii) The wavelength of the light falling on it. 
(iv) The way an observer receives the light, e.g., 
whether by transmission or reflection. 
For example, during the change of yellow colour 
of silver sol to blue, the size of the particles 
increases. 
(c) Electrical Charge of the Colloidal Particles: 
Colloidal particles almost invariably carry 
positive or negative charge and all particles of a given 
sol carry the same charge (10). For example, silver sol 
is negatively charged while ferric hydroxide sol is 
positively charged. The charge on the particles may be 
due to one or more of the following causes: 
(i) Due to the dissociation of the surface molecules. 
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(ii) Due to dissociation of molecules adsorbed on the 
surface, 
(iii) Due to preferential adsorption of ions, 
(iv) Due to electrification of particles by friction. 
(v) Due to electron capture by the sol particles, 
(vi) Due to the presence of some acidic or basic groups. 
(d) Adsorption by Colloids: 
In a colloidal solution a very small mass of 
the dispersed phase is present as a very large number of 
tiny particles. Thus the area of the surface of this 
phase is very large relative to the mass of the 
substance. Moreover when we break a substance into small 
particles the valencies of the separating atoms which 
were mutually satisfied are now set free. The large 
surface offered by colloidal particles and these free 
valencies are responsible for marked adsorption by 
colloids. 
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C H A P T E R - V 
EXPERIMENTAL PROCEDURE-II (INSTRUMENTATION) 
5.1 General: 
For recording transmission electron micrograph 
of the silver sol, we have employed the Philips EM 410 
PW 6008 model transmission electron microscope. Raman 
spectra were recorded on Jobin Yvon Laser Raman 
Spectrophotometer (RAMANOR UlOOO Double Monochromator) 
using argon ion laser as excitation source. A brief 
discussion of these instruments will be furnished in the 
following sections. 
5.2 Electron Microscope (Philips EM 410 PW 6008): 
An electron microscope is in principle similar 
to that of an optical microscope. In an optical 
microscope using visible light, focussing is done by 
suitable lenses whereas in an electron microscope a beam 
of electrons is used in place of ordinary light and 
focussing is done by electrostatic and electromagnetic 
fields. Figure - 12 (a) and (b) represent schematic 
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diagrams of the electron microscope and optical 
projection microscope respectively. Magnetic lenses are 
used in the former. 
The function of the various components in an 
electron microscope is similar to those of an optical 
TTiicroscope. Electrons liberated from the source are 
accelerated under potentials of about 60,000 volts. The 
microscope is enclosed in a rigid metal frame and a high 
degree of vacuum is maintained with a high speed 
diffusion pump. Object slides and photographic plates 
are introduced from outside. The lens M, concentrates the 
beam of electrons on the object. M„ acts as the 
objective and M^ as the projection lens. The final 
magnified image is obtained on a fluorescent or a 
photographic plate. 
The intensity of the electron beam on passing 
through the specimen is altered due to collision of 
electrons with the electrons and nucleus of the atoms 
forming the specimen. Two kinds of scattering of 
electrons takes place: (1) Inelastic (electronic 
scattering) scattering and (2) Elastic (nuclear 
scattering) scattering. Scattering of beam electrons 
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through collision with atomic nuclii or atomic electrons 
do not contribute much to contrast. But when beam 
electrons pass within a certain range around the atomic 
nuclii get deflected due to the positive charge of the 
atomic nuclii, the contrast provided is much brighter. 
An electron microscope can give a magnification 
of 100000 whereas an optical microscope has a 
magnification of about 2500. Another chief advantages of 
an electron microscope is its high resolving power. In 
an optical microscope the resolving power is limited by 
the wavelength of light used. The wavelength of yellow 
o -7 
light is about 6000 A i.e. 6 x 10 m. According to 
De Broglie, when electrons are scattered or diffracted 
they behave as waves and the wavelength is given by A = 
h/mv, where h is Planck's constant, m is the mass of the 
electron and v is the velocity. Taking the mass of an 
-31 
electron as 9 x 10 kg and calculating the velocity of 
an electron falling through a potential of 6,000 volts, 
V = V 2Ve/m. The wavelength works out to be 5 x 10 m. 
This wavelength is 10 times shorter than that for 
visible light. As the resolving power of a microscope is 
proportional to the wavelength of light used, the 
resolving power of an electron microscope is much higher 
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than an optical microscope. However, the numerical 
aperture of an electron microscope is smaller than an 
optical microscope. 
Philips EM 410, PW 6008 model transmission 
electron microscope is a modern and sophisticated type of 
electron microscope. Its magnification can be achieved 
within the range 50 to 300000. It has camera arrangement 
by which the desired micrograph can be recorded (1). 
Exposure time may be selected as 0.1, 0.2, 0.5, 1, 2, 5, 
10, 20, 50 or 99 second. The acceleration voltage of 
this microscope may be 40, 60, 80 or 100 KV. Lens 
currents are automatically adjusted to the appropriate 
values. 
5.3 Argon Ion Laser (Spectra Physics Model 171): 
The argon ion laser is a class of gas lasers 
that produce continuous wave (CW) output and have high 
plasma temperatures The energy level diagram of singly-
ionized argon is shown in Figure •- 13. It can be assumed 
2 
that the two ground state sublevels of the 4s P state 
that constitute the two lower states for all of the argon 
ion laser transitions have very short lifetimes and very 
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high probabilities of emitting energy and dropping to 
the argon ion ground state. The energy separation 
between the lower laser levels and the ground state of 
the ion is very large, so that, even though the plasma is 
at high temperature, there is no tendency for a Boltzmann 
population equilibrium to be established between the 
ionic ground state and the lower laser levels. 
The Model 171 offers a number of available 
wavelengths at 514.5 nm, 501.7 nm, 496.5 nm, 488.0 nm, 
476.5 nm, 472.7 nm, 465.8 nm and 457.9 nra. Among these 
488.0 nm and 514.5 nm lines are strong (2). 
The Model 171 requires water for cooling its 
transistor pass bank, magnetic field solenoid, and plasma 
tube. The cooling system is designed (Figure -14) to 
operate with input water temperature as high as 35 C and 
requires a flow rate of 0.22 liters/sec (3.5 gallons per 
2 
minute) at a differential pressure of 450 KN/m (46 
2 
Kg/cm , 65 Psi) when operating at full power. 
A magnetic field is generated by a solenoid 
surrounding the plasma tube. It tends to force the 
electrons away from the walls of the tube. Since the 
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electrons are not lost as quickly to the walls, there is 
a shift of energy distribution of the free electrons 
toward higher values. The atomic levels can only be 
populated through collisions with electrons having at 
least the energy of the state being excited. Therefore, 
the result of the magnetic field is a stronger population 
inversion. 
5.4 RAHANOR DlOOO Double Monochromator (Jobin Yvon): 
(a) Macrosainple Chamber: 
Laser beam enters into the macro sample 
compartment as shown in Figure -15 through accessory 
support which includes half wave plate 1, interference 
filter and laser shutter 2. Laser shutter is controlled 
by scan controller. It prevents blinding the detector 
with the excitation line yf, . The shutter closes 
automatically at the chosen value AV and remains closed 
between ^-^V and Ti-tAV . 3a and 3b are 
collimating mirrors which correct the alignment of 
incident laser beam in relation to sample compartment 
axis. Laser beam focussing lens 4 adjusts convergence of 
beam on the sample. The sample holder 5 have XYZ 
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orientation to place sample in optimum position. Raman 
light is collected by Benoist-Berthiot f/1.8 collecting 
lens having 80 mm -focal length with translation 
adjustment (3). Lens adjustment knob 7 is required to 
adjust the height of the collecting lens. Perfect 
adjustment of spherical mirrors 8 considerably increases 
intensity of lines with transparent sample. The sample 
compartment is attached to the monochromator by the 
accessory holder. The monochromator has four fixation 
holes for this connection. 
{b) Monochromator: 
For intensity measurements in spectra we need 
to separate out a narrow range of the spectrum at a time. 
In principle this can be done in any spectrograph by 
replacing the photographic plate with a narrow slit whose 
length is parallel to the spectral lines. That would 
make the spectrograph a monochromator. 
The RAMANOR UlOOO is a double monochromator 
designed for spectroscopic applications that require high 
resolution and extreme stray light rejection. The main 
components of the RAMANOR UlOOO are two identical 
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monochromators in an additive mount equipped with plane 
holographic gratings (R, and R^). The holographic 
gratings having 1800 grooves/mm in the standard version 
but any number of grooves/mm may be installed with the 
UlOOO. Each monochromator features an assymetric Czerny-
Turner mounting equipped with two slits which open 
symetrically (4). The two gratings are mounted and 
rotate on a single horizontal shaft which is parallel to 
the grating grooves. There are four slits F, , F^ / F^ and 
F-. The slits straight and horizontal are mounted in a 
plane parallel to the rotation axis. The horizontal slit 
configuration is highly advantageous to the RAMANOR UlOOO 
for work performed on liquid samples. MC, , MCp, MC. and 
MC 
5 are collimating mirrors. 
Raman light collected by collecting lens, 
enters monochromator through slit F, (kept at 100 p) fall 
on collimating mirror MC, and then on holographic grating 
(R,) and diffracted light fall on collimating mirror ^C^. 
The optical path is diverted by mirrors M, , M-, M-. and 
M- . The exit slit F2 (100 p) of the first monochromator 
is imaged on the entrance slit F^ (200 p) of the second 
monochromator by means of the coupling concave mirror 
MC^ with the focal length of 0.5 m. Raman light enters 
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second monochromator through slit F^ which have 
collimating mirrors MC., MC^ and holographic grating R-
and comes out through exit slit F^. After that it enters 
into photomultiplier tube (cooled with water current) for 
detection which is recorded by X-Y recorder. 
The wavenumber scanning is controlled by the 
microprocessor scan controller Spectra Link including the 
following: 
(i) Absolute or relative wavenumber display. 
(ii) Wavenumber scan speed selector in cm /min. 
(iii) Repetitive scan. 
(iv) Recorder control. 
(v) Laser shutter control. 
RAMANOR UlOOO double beam monochromator have 
the following specifications: 
2 Grating size 
Number of grooves 
Resolution 
• 
• 
• 
• 
• 
110 X 110 
1800/mm 
0.15 cm"-"-
5791 A 
mm 
on 
Dispersion : 9.2 cm /mm at 514.5 nm. 
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Fig. 17. Block diagram of Laser Raman Spectrophotometer. 
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-14 -1 Stray light rejection : 10 at 20 cm from 
the Rayleigh line. 
Scanning speed : 0.1 to 4800 cm /min. 
Wavenumber accuracy:+ 1 cm over 5000 cm 
Slit width : 0-3 mm. 
Slit height : 0—30 mm. 
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C H A P T E R - V I 
SURFACE ENHANCED RAMAN SCATTERING (SERS) OF PYRIDINE 
ADSORBED ON SILVER COLLOIDAL PARTICLES 
Abstract 
The surface enhanced Raman spectra of pyridine 
adsorbed on silver colloidal particles have been 
reinvestigated. The intensity of the 1002 cm and 1034 
cm bands have well enhanced. The absolute enhancement 
3 
factor has been calculated to be of the order of » 10 . 
This enhancement factor is almost equal to that of SERS 
on roughened metal surfaces. 
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6.2 Introduction: 
When certain molecules are appropriately adsorbed 
on specially prepared metal surfaces or on metal 
colloids, they exhibit inordinate Raman signals whose 
intensity is increased by factors of 10 to 10 than the 
normal Raman signals. This phenomenon of enormous 
enhancement of Raman signal is called the Surface 
Enhanced Raman Scattering (SERS). SERS has attracted 
much attention both as a new surface phenomenon and as an 
analytical method for studying adsorbate-metal 
interactions (1). It has revolutionised the field of 
surface science, where one would get the information of 
one or more of the followings: 
(a) the structure and orientation of adsorbed 
molecules. 
(b) the strength and nature of surface 
chemisorption bonding. 
(c) the structure of surface active sites. 
(d) the dynamics of surface chemical reactions. 
SERS of pyridine was first observed by 
Fleischmann et al. (2) from the adsorbed pyridine 
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molecules onto the silver electrode surfaces, that had 
been roughened electrochemically. They showed that the 
intensities and frequencies of Raman bands are dependent 
on applied electrode potential and also they believed 
that the inordinate signal strength will be increased on 
increasing the electrode's surface area. Following this 
report of Fleischmann et al./ there have been many 
theoretical studies on it. SERS of pyridine and other 
molecules adsorbed on silver surfaces in contact with 
liquid and on roughened metallic surfaces have also been 
reported by Jeanmaire et al. (3), Albrecht et al. (4), 
Pettinger et al. (5) and Furtak T.E. (6). The study of 
surface enhanced Raman scattering on colloidal metal 
particles was suggested by Moskovits (7). He suggested 
that colloidal metal spheres covered with adsorbate and 
isolated in a dielectric medium might display Raman 
signal similar to SERS at rugged electrode surface. 
Following this suggestion of Moskovits, Creighton and his 
co-workers (8) were able to demonstrate the SERS effect 
on pyridine adsorbed onto silver metal particles. 
Creighton et al. have calculated the relative enhancement 
factors for the Raman bands. In the present work we have 
reinvestigated SERS of pyridine molecules adsorbed on 
silver colloids (Ag sol) and v;e have calculated both the 
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relative and the absolute enhancement factors. 
We have chosen silver sol as SERS - active 
substrate due to the following advantages: 
(a) it is easy to record the absorption and 
Raman spectra of the sol. 
(b) it is easy to prepare the silver sol. 
(c) it bears a significant role in proving that 
the enhancement is associated with the resonant 
excitation of surface plasmon oscillations in metal 
surface. 
6.3 Experimental: 
Aqueous silver colloidal solution (i.e. silver 
sol) was prepared by the reduction of silver nitrate with 
sodium borohydride solution following the method of 
Creighton et al. (8). A brief description of the method 
is given below: 
_3 
1.0 X 10 M aqueous solution of AgNO, was 
obtained by adding 42 mg of crystalline AgNO^ in 250 c.c. 
-3 
of water. 2 x 10 M aqueous solution of NaBH. was 
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prepared by mixing 19 mg powdered NaBH. in 250 c.c. of 
water. All solutions were made using triply distilled 
water. Then 22 c.c. AgNO^ solution was mixed with 60 
c.c. NaBH, solution which had been kept at ice-cold 
temperature. The mixing should be done under vigorous 
stirring. A yellow coloured silver sol was obtained. 
The sol was stable for a few months in absence of 
pyridine. The pH of the sol was 2i 8 which signifies 
that it is negatively charged. 
Extinction spectra of silver sol was recorded in 
Milton Ray Spectronic 1001 asborption spectrophotometer 
using a cell of 1 cm in thickness. Sol showed a single 
visible extinction band near 400 nm (Figure -18), which 
is the characteristic of silver particles substantially 
smaller than the wavelength of light (9). This was 
verified by transmission electron micrograph which showed 
the particles to be roughly spherical with diameter in 
the range 32 nm to 84 nm. 
The transmission electron micrograph of the sol 
was taken with PHILIPS EM 410 CW 6008 model electron 
microscope operated at an accelerating voltage of 60 KV. 
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TRANSMISSION ELECTRON MICROGRAPH OF THE SOL 
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FIG - 18(a) 
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Raman spectra were recorded with RAMANOR U 1000 
double monochromator (Jobin Yvon, France). The 514.5 nm 
line of an argon ion laser (Spectra Physics Model 171) 
was used as excitation light source with an output power 
of 400 mw. Glass capillary tube was used as sampling 
device and Raman scattering observed with 90 geometry. 
Normal Raman spectra of neat pyridine and aqueous 
pyridine were recorded according to the following 
concentrations: 
(a) Neat pyridine 
(b) Pyridine : Water = 1.8:1 
(c) Pyridine : Water =1:1 
(d) Pyridine : Water = 0.2:1 i.e. 2.5M pyr.soln. 
The Raman spectra of the above solutions have been shown 
in Figure -19 (a), (b), (c) and (d) repectively. It has 
been observed that the intensity of the bands at 1002 
cm and 1034 cm was decreasing with the decrease in 
pyridine concentration in the solution. It was not 
possible to record the Raman spectrum of 0.25 M aqueous 
pyridine due to very weak signal. Now 0.1 c.c. of 0.25 M 
aqueous pyridine was mixed with 4 c.c. silver sol. After 
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Fig. 19. Raman spectra of (a) Neat pyridine 
(b) Pyr.: water = 1.8:1, (c) Pyr.: water = 1'. 1 
(d) Pyr.: water = 0.2:1 i.e. 2.5 M aqueous 
pyridine solution. 
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1 hour, spectra of sol + pyr. were recorded. It has been 
observed that the two bands at 1002 cm and at 1034 cm 
have been responded with well enhanced intensity. 
6.4 Results and discussion: 
Figure -19 (a), (b), (c) and (d) show the 
ordinary Raman spectra of pyridine with different 
concentration. Figure -20 shows the Raman spectra of 
2.5 M pyridine solution and that of 0.25 M pyridine 
solution mixed with silver sol. The relative intensity 
of the two bands at 1002 cm" and at 1034 cm were 
calculated as 1.1 and 0.4 respectively. The absolute 
enhancement factor (A.E.F.) for those bands were 
calculated using the formula. 
A.E.F. = ^^^^^ "" ^^^^ "" ^  [Ref.(lO) & (11)] 
I J.-, X N J. X A 
std surf 
Where, 
I . , = Raman scattering intensity for the bands 
of 2.5 M aqueous pyridine solution (in 
the present experiment). 
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Fig. 20. (a) Raman spectra of 2.5 M pyridine solution, 
(b) SER spectra of 0.25 M pyridine solution with 
sol. 
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I ^ = Raman scattering intensity for the bands 
surf 
of 0.25 M aqueous pyridine solutions (in 
our experiment). 
N , , = No. density of pyridine molecules of 
std -^  
2.5 M pyridine solution. 
2 N ^ = No. of pyridine molecules/cm within the 
surf 
scattering volume. 
V = Scattering volume 
A = Area of the silver particles within the 
scattering volume. 
I J./I ^ , is called the relative enhancement 
surf std 
factor (R.E.F.) 
R.E.F. of 1002 cm~ and 1034 cm bands are 1.1 
and 0.4 respectively. 
Hence, 
^std "" ^  A.E.F. = R.E.F. X SiS 
Nsurf X A 
In our experiment, 
N ^, = 1.5 X 10^ -^  molecules/c.c7^**iKifjiil*.* ' std -*^ 
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s u r f 
V 
A 
= 
= 
— 
3 . 8 2 X 10-'--'-/cm^ 
1 . 9 6 X 10-^ cm-^ 
1 . 9 5 4 X 1 0 ^ cm^ 
Hence, 
Absolute enhancement factor 
4.31 X lO^ ^ for 1002 cm"-'- band 
3 -1 
and = 1.56 x 10 for 1034 cm band 
These figures are close to the electromagnetic 
enhancement factor for pyridine adsorbed on silver 
electrodes (2). 
It should be mentioned that the bands appearing 
at 991 and 1029 cm in neat pyridine are assigned to 
C—C ring breathing and C—C ring bending vibrations 
which represent "^i and 1^,,. modes respectively (12). The 
bands at 991 and 1029 cm" have shifted to the higher 
wavenumbers in aqueous pyridine solutions. These bands 
have also shifted to 1002 cm" and 1034 cm" in 0.25 M 
pyridine solution when mixed with sol. 
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